I. INTRODUCTION
The acoustic solitary wave in air is first predicted theoretically and then demonstrated experimentally by Sugimoto and his team.
1-3 It attracted much attention from a viewpoint of application to mitigate acoustic problems caused by entry of a high-speed train into a tunnel.
4, 5 The air is a dissipative medium rather than a dispersive one so that a shock wave usually emerges. Indeed, no acoustic solitary wave has ever been considered to be realized. Owing to such natural properties of air, a suitable dispersion needs to be introduced artificially for the acoustic solitary wave to be generated. This can be achieved in an air-filled tube by connecting an array of Helmholtz resonators periodically along the tube. To change the non-dispersive properties into the dispersive ones may be regarded as the very idea of metamaterials now well known in optics and acoustics. In fact, a waveguide with a periodic array of Helmholtz resonators has later been used as sonic metamaterials. 6, 7 Because a tube with a periodic array of Helmholtz resonators yields band gaps due to a side-branch resonance and due to a Bragg reflection, 8 Richoux, Tournat, and Le Van Suu 9 examined the nonlinear effects due to the periodically spaced resonators. Recently, Achilleos et al. 10 considered the acoustic solitons by taking account of discreteness of the array of Helmholtz resonators and did the experiments to confirm excellent agreements with the numerical simulations. On the other hand, Lombard and Mercier 11 scrutinized Sugimoto's theory and verified it. They also proposed an efficient method to calculate a memory integral due to the boundary-layer on the walls. Furthermore Richoux, Lombard, and Mercier 12 did the experiments to confirm the emergence of the acoustic solitary wave of the peak excess pressure even up to 30% to an atmospheric one in comparison with that of 10% in Ref. 3 . Even for such a higher solitary wave, it is reported that the KdV equation is still applicable with modifications to include a jet loss at the throats of the resonators. To demonstrate emergence of the acoustic solitary wave experimentally, an external driver is necessary to create an initial disturbance. In Ref. 2, a pressurized air is released into the tube through a small valve. However, because it spreads spherically into a tube, no plane wave is achieved for a while. Later a plane piston driven by a pressurized air is devised to create a plane wave initially. 3 In Ref. 12 , initial disturbances are created by explosion of a pressurized balloon made of latex. In any case, the acoustic solitary wave decays out eventually in the course of time.
This paper reports that the acoustic solitary wave can be generated autonomously by exploiting thermoacoustic phenomena in an air-filled, looped tube with an array of Helmholtz resonators connected. In the tube without the array, Biwa, Takahashi, and Yazaki 13 first demonstrated the autonomous generation of the shock wave and observed an unidirectional propagation of the shock wave with small reflection. When the array is connected, the emergence of the shock wave is suppressed and the acoustic solitary wave is generated as demonstrated in Refs. 2 and 3. Without creating any initial disturbances externally, unlike in the previous experiments, it is generated autonomously and endlessly due to thermoacoustic instability by a pair of stacks installed in the tube and subject to a temperature gradient.
In what follows, first, thermoacoustic effects in the stack are briefly explained in Sec. II. The experimental setup is described in Sec. III. Experimental results are given in Sec. IV. In the tube without the array, emergence of the shock Published by AIP Publishing. 120, 144901-1 wave is first confirmed. When the array is connected to it, it is demonstrated that the emergence of the shock wave is suppressed and smooth pulsed waves appear in place of it. Finally, discussion and conclusion are given in Sec. V by checking the results against the theory.
II. THERMOACOUSTIC EFFECTS
At the outset, a brief explanation is given on thermoacoustic effects in the stacks subject to a temperature gradient. They play a role of "engines" to supply energies, giving rise to autonomous and endless propagation of the acoustic solitary wave. In the narrow pore in the stack, a typical thickness of the viscous diffusion layer is estimated to be ffiffiffiffiffiffiffiffi ffi =x p , and x being, respectively, a kinematic viscosity and a typical angular frequency. For a frequency concerned, this thickness is estimated to be smaller than a hydraulic radius of the pore R s to be described. It becomes thicker toward the hot end where it takes ffiffiffiffiffiffiffiffiffiffiffiffiffi T H =T C p -fold, T C and T H being, respectively, the ambient temperature at the cold end and that at the hot end. A thermal diffusion layer is a little thicker than ffiffiffiffiffiffiffiffi ffi =x p
by 1=
ffiffiffiffi ffi Pr p ; Pr being the Prandtl number (0.72 for air). Even at the hot end where T H takes 1200 K at highest, the thickness is double and can still be regarded as being thin in comparison with the radius R s .
When the thermoviscous diffusion layer can be treated by a boundary-layer theory, the layer can input a power into the lossless core region outside of it through the inward velocity v b at the edge of the boundary layer and normal to the wall given by
with the minus half-order derivative of u 0 ðx; tÞ defined by
PrÞ, c being the ratio of specific heats, where u 0 , e and T e denote, respectively, an axial velocity of the gas in the core within the pore, a local kinematic viscosity and a wall temperature which varies with the axial coordinate x along the pore. Here the temperature dependence of shear viscosity is neglected. For time-periodic oscillations, the temporal mean of the acoustic energy flux (intensity) p 0 u 0 varies along the pore with
where the tilde designates taking the temporal mean over a period.
For a time-harmonic traveling wave in the form of
where a e denotes a local adiabatic sound speed ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi cp 0 =q e p , q e being the local density in the quiescent state under a uniform pressure p 0 , and the complex amplitude P is assumed to be real. It is immediately found from this that when the temperature gradient is absent, the right-hand side is always negative so that the wave loses the acoustic energy flux to be decayed out. The minus half-order derivative lags in phase p=4 so that the term unaffected by the temperature gradient is always negative. However, (4) takes a positive value if the gradient satisfies T
À1
e dT e =dx > ðC=C T Þx=a e . Then the stack yields the acoustic energy flux in net and acts as an energy source. Note, however, that the positive condition is not sufficient to guarantee the instability of the whole acoustic system, because energy dissipation takes place in the tube otherwise. straight sections where the stack and the heat exchangers are placed. To facilitate assembling of separate, curved tubes into the looped tube, the rigid tube in a short section is replaced by a tube with bellows of inner diameter 80 mm and of length 200 mm. This section is located almost midway between two straight sections.
A pair of stacks of diameter D ¼ 79 mm and of length L s ¼ 150 mm are positioned diametrically on exactly the opposite side of the loop as shown in Fig. 1 . The stack is made of ceramics, and it consists of 100 pores per square inch. Each pore has a square cross section of side length 2H ¼ 1:75 mm enclosed by a wall of thickness 2w ¼ 0:75 mm as shown in Fig. 2 . The porosity of the stack e s is calculated to be 0.49 and pore's hydraulic radius R s is defined as 2A s =s ð¼ HÞ where A s and s ð¼ 8HÞ denote, respectively, a cross sectional area of the pore and its wetted perimeter. 16 The stack is sandwiched by hot and cold (ambient) heat exchangers placed closely to the ends of the stack. Around the hot heat exchanger is wound a tubular heater, which is covered with heat insulator on top of it. The stack is also heated by a cartridge heater of diameter 10 mm and of length 40 mm embedded along the center axis of the stack adjacent to the hot heat exchanger (see Fig. 1 ). Thus the stack is heated by the outer and inner electric heaters simultaneously. Although the temperatures of all heaters can be controlled independently, each outer and inner heaters are supplied, respectively, with equal (but different) powers as 537 W and 65 W so that both stacks are expected to be subject to the same temperature gradient. The powers are increased step by step for the first 2000 s and are kept at the constant values thereafter. The procedures described above are always taken. The cold heat exchangers are cooled by circulating a tap water. Pressure sensors (PCB 113B28) are mounted at three locations (A): 2.90 m, (B): 1.50 m and (C): 0.100 m away from the end of one cold heat exchanger where the x axis is taken anticlockwise along the tube from this end (see Fig. 1 ).
IV. EXPERIMENTAL RESULTS
As preliminaries, the emergence of the shock wave is verified when no array is connected. When the temperature gradient is appropriate, it is immediately observed that the shock wave emerges to be propagated along the loop. Figure  3(a) shows the pressure profiles measured at the locations (A), (B), and (C) where p 0 denotes the excess pressure over the atmospheric pressure p 0 . The profiles are measured in a steady state of oscillations reached after about 6000 s from the onset of the instability at which the exponential growth of the excess pressure begins. It is seen that each profile includes the discontinuity. This is the shock wave. Figure  3(b) shows the Fourier spectra of each profile shown in Fig.  3(a) where many higher harmonics are seen to be excited. The fundamental frequency is calculated to be 25.8 Hz from the period T ¼ 38.8 ms. For this frequency, a typical thickness of viscous diffusion layer is found to be 0.3 mm at the cold end. The period corresponds to the one-wave mode in which the one wavelength corresponds to the total length of the looped tube.
The mean propagation speed of the wave is calculated to be 345.3 m/s from the period and the loop length, ignoring the non-uniformity of temperature, because the section imposed to the temperature gradients is short. In fact, the propagation speed agrees with the sound speed at room temperature 297 K in three digits. The maximum peak-to-peak pressure is observed at the location (C) nearest to the cold heat exchanger. Both reduction in the cross sectional area of the flow passage in the stacks and heat exchangers, and nonuniformity in temperature distribution along them cause the acoustic impedance to be non-uniform along the tube. Because the impedance is the highest at the cold heat exchanger, the above observation can be justified. However, reflections are not clearly seen in Fig. 3(a) .
Next an array of Helmholtz resonators is connected with an equal spacing d axially. Each resonator has volume V in the range from 49.0 cm 3 to 51.0 cm 3 and the throat is of length 35.6 mm and of diameter 7.11 mm. The nominal natural frequency x 0 =2p is 239.5 Hz at 18:8 C and is chosen much higher than the frequency of acoustic oscillations in the tube. Effect of the array appears through a size parameter j ð¼ The spacing is reduced to d ¼ 0.10 m so that j ¼ 0:099. The temporal profiles of the excess pressure in this case are shown in Fig. 5(a) . All profiles are smooth, and no shock wave is seen at all. Instead, smooth and isolated pulses emerge and reflection at the cold end of the stack is clearly seen on the acoustic pressure profiles at locations (A) and (B). From the period T ¼ 40.5 ms, the frequency of the wave is 24.7 Hz and the mean propagation speed is calculated to be 330.9 m/s. This is slower than the sound speed, and even slower than that in the case with the spacing d ¼ 0.40 m. In the Fourier spectra in Fig. 5(b) , harmonics components higher than the natural frequency of the resonator are suppressed significantly. While the autonomous generation of smooth pulsed waves is thus observed, they cannot be identified as the acoustic solitary waves immediately. To check them, not only pulse's profile but also its propagation speed is examined against the theoretical ones of the acoustic solitary wave (see (1) to (4) in Ref.
2). This is discussed in Sec. V.
Here the temperature at the hot end of the stack is referred. Although the powers into the heaters are controlled and are measured exactly, the temperature difference between the hot and cold ends of the stack could not be measured precisely. Because the temperatures of the inner and outer heaters are measured by using built-in thermocouples of type K and J, respectively, the temperature over 1100 K could not be measured. The critical temperature difference for the onset of instability is also unclear, because the temperature at the hot ends always exceeds 1100 K before the onset. It is estimated to be nearly 1200 K from the history of the temperature. However, from the comparison with the time for the onset, it is found that the critical temperature difference of the solitary wave is rather larger than that of the shock wave, because of the additional losses due to the array.
The time for the onset is delayed by 470 s compared to the case of the shock wave.
V. DISCUSSION AND CONCLUSION
First, the following relation should be remarked on the profiles observed. Because no mass of air is injected externally into the looped tube, the integral of the excess density over the loop length must remain to be zero by the equation of continuity under the spatial periodicity. With the excess pressure proportional to the excess density in the linear theory, thus, the pressure profile takes positive and negative values spatially at any instant. If the equation of continuity is integrated over the cross section of the tube and also over one period of oscillations, on the other hand, the integral of the axial mass flux qu over the cross section must be uniform along the tube and is not necessarily zero. Hence there may appear an acoustic streaming due to the steady mass flux circulating along the tube. This implies that the mean pressure over the period varies along the loop and therefore the profile observed takes a negative value, depending on a location. As 
